Abstract-The purpose of this paper is to develop and validate a miniature system that can wirelessly acquire gastric electrical activity called slow waves and deliver high-energy electrical pulses to modulate its activity. The system is composed of a front-end unit and an external stationary back-end unit that is connected to a computer. The front-end unit contains a recording module with three channels and a single-channel stimulation module. Commercial off-the-shelf components were used to develop front-and back-end units. A graphical user interface was designed in LabVIEW to process and display the recorded data in real-time and store the data for off-line analysis. The system was successfully validated on bench top and in vivo in porcine models. The bench-top studies showed an appropriate frequency response for analog conditioning and digitization resolution to acquire gastric slow waves. The system was able to deliver electrical pulses at amplitudes up to 10 mA to a load smaller than 880 . Simultaneous acquisition of the slow waves from all three channels was demonstrated in vivo. The system was able to modulate-by either suppressing or entraining-the slow wave activity. This paper reports the first high-energy stimulator that can be controlled wirelessly and integrated into a gastric bioelectrical activity monitoring system. The system can be used for treating functional gastrointestinal disorders.
I. INTRODUCTION
G ASTROINTESTINAL (GI) motility is coordinated by underlying bio-electrical events known as slow waves. Abnormalities in slow waves have been implicated in major functional motility disorders such as gastroparesis, chronic nausea and unexplained vomiting, and functional dyspepsia [1] . Current management options are mainly limited to symptomatic and prokinetic therapies, with many patients incompletely treated. Gastric electrical stimulation (GES) has been proposed as an alternative therapeutic strategy, with potential to revert dysrhythmias to control symptoms [2] .
As in cardiac electrophysiology, implantable pulse generators (IPGs) have been used for stimulating the stomach. Conventionally, two types of pulses have been applied for potential therapeutic effects: short pulses (high frequency/low energy) and long pulses (low frequency/high energy) [3] . Low-energy stimulation is typically delivered with a pulse-width in the order of a few hundred microseconds, at frequencies ranging from 5 to 100 Hz, and may improve symptoms such as nausea, vomiting, and bloating [4] , [5] . High-energy stimulation (or pacing) is typically delivered with a pulse-width in the order of milliseconds (10-600 ms), at frequencies akin to the natural gastric frequency (i.e., 3 cpm). High-energy stimulation has demonstrated potential to pace slow waves and improve motility [6] .
Conventionally, GES is delivered and adjusted through trial and error, without active monitoring of gastric slow wave responses. It is partly for this reason that conflicting results have been reported by various researchers and the role of GES, although investigated for over 50 years, remains controversial. A novel method called synchronized GES that includes slow wave data acquisition as an indicator for the efficacy of GES has been proposed in [6] - [8] . Results of using synchronized GES on canine models of postprandial antral hypomotility significantly increased the amplitude of gastric contractions and enhanced gastric motility [9] . However, the use of this method was limited by the large size of the recording and stimulating systems, and the fact that they were not implantable.
Advances in microelectronics and wireless system-onchip (SoC) technology provide the opportunity to offer a better solution for integrated and implantable systems for in vivo monitoring of slow waves and GES. A capsule telemetry system has been developed for acquiring recordings from the luminal surface of the small intestine, during transit through the GI tract [10] , and a telemetry system for cutaneous electrogastrography (EGG) has previously been presented [11] . However, the resolution of cutaneous EGG is low and it is prone to motion artifacts. Recently, we developed and validated wireless systems that can record slow waves from multiple channels in real time [12] - [16] ; but, none of these systems can deliver GES.
We have previously advocated a closed-loop neuromodulation therapy for controlling nociception [17] , [18] . Analogous to this study, feedback control of the gastric peristalsis has been proposed in [19] ; however, no long-term study has been conducted due to the lack of an implantable wireless device. We are planning to use slow waves as the feedback signal to improve the precision of GES. To this end, we have designed a bidirectional wireless system for acquiring in-vivo gastric slow wave signals and delivering electrical stimulation. The system can acquire signals from three distinct channels and can deliver a programmable electrical pulse through one channel. The system was tested in bench-top studies and invivo in an established pig model.
II. SYSTEM ARCHITECTURE
The system includes an implantable miniature frontend unit and an external stationary back-end unit that is connected to a computer. The front-end unit contains a recording module and a stimulation module. The recording module consists of an analog conditioning circuitry, and the stimulation module consists of a DC-to-DC converter, and a programmable current source. The two modules share a system-on-chip (CC430F5137, by Texas Instruments (TI)), which includes an analog-to-digital converter (ADC), a microcontroller, and a sub-1-GHz transceiver. The front-end also includes a 433 MHz chip antenna, an RF matching circuit with a balun, a magnetic switch, and a connector (FFC-FPC SMT, by Molex) to interface with the recording electrodes. The stationary back-end module is made up of the same SoC that is connected to the computer via a universal asynchronous receiver/transmitter (UART; 115,200 bps) communication link. Fig. 1 shows the block diagram of the system. A graphical user interface (GUI) was designed in LabVIEW to process and display the recorded data in real-time, and store the data for off-line analysis.
A. Recording Module
The analog conditioning circuitry acquires slow wave signals from three channels. Signals pass through a highpass filter with the cut off frequency of 0.016 Hz to an instrumentation amplifier (INA333, by TI) with adjustable gain (from 1 to 100). The amplified signals were filtered through a band-pass filter (0.016-1.6 Hz) to eliminate noise prior to the next amplification with the gain of 200. Fig. 2 shows the analog conditioning circuitry for one of the channels. We have successfully validated and used a similar circuit in [12] , [13] , and [20] . The amplified signals were sampled at 90 Hz per channel, digitized into 12 bits, Fig. 1 . The block diagram of the system displays the front-end, back-end, and a computer which includes the graphic user interface. The system can record gastric slow waves from three channels and stimulate the stomach through one channel. and separated into two bytes. The data were loaded into packets (8 bytes) to be wirelessly transmitted by the frontend transceiver. The packets were received by the back-end transceiver and the microcontroller unloaded the data and sent them to the computer.
B. Simulation Module
The front-end can deliver monophasic electrical stimulation pulses to the stomach through one channel. Fig. 3 shows the analog circuitry necessary to convert the voltage pulse commands generated by the microcontroller into monophasic current pulses deliverable to the stomach. A boost converter (LTC3459, by Linear Technology) converts the input voltage level of 3.3-5 V to up to 10 V in the output. The ratio of the R1 and R2, and L1 are the major determinants for the output voltage of the boost converter. The 10 V pulse is delivered to a programmable current source (LT3092, by Linear Technology) that delivers current pulses with amplitudes of up to 10 mA. The output current depends on the ratio of R3 and R4, and is limited by the load impedance. The pulse width, frequency, and on-off periods can be tuned through the GUI, which is explained later.
C. Firmware

1) Front-End Unit:
In the front-end unit, the clocks, ADC, GPIOs, interrupts, timers and radio (into transmitting mode) are initialized upon powering up the unit. The front-end unit starts from the recording mode, where it receives the conditioned signals from the three channels of the recording module, samples the signals at 90 Hz per channel, and digitizes each data point into 12 bits; hence, each data point is divided into two bytes. These bytes are placed into the wireless packet, and will be sent to the back-end. Each packet is composed of 4 bytes for header and 6 bytes of data (2 bytes per channel for 3 channels), so the total packet length is 10 bytes. The radio controller automatically adds preamble, address bytes, and cyclic redundancy check bytes to the packet. The frequency of the wireless communication is tuned at 433 MHz. A counter keeps the record of the sent packets. The 500 th packet, in which the switching role flag is set, causes the back-end unit to turn into the transmitting mode. The front-end unit turns into the receiving mode, and sets a timer. Transmission of 500 packets is equal to 5.55 s of data. During the receiving mode, which takes 50 ms, the front-end looks for a stimulation packet transmitted from the back-end. If a packet is received, the front-end processes it, extracts the stimulation commands, including on-time (pulse width), off-time, and number of repetitions. The received payload includes the packet length (1 byte), command type (1 byte), and the stimulation parameters (2 bytes for each of the three parameters), which totals 8 bytes. After delivering the stimulation, the front-end unit switches back to the transmission and recording mode. 2) Back-End Unit: Upon powering up the back-end unit, it initializes clocks, UART, interrupts, and radio (into receiving mode). The back-end receives and processes the packets from the front-end unit, and sends them to the computer through the UART communication, until it receives a packet with the "set" switching role flag byte. At this moment, the back-end switches to the transmission mode, and if there is a stimulation command -sent from the computer-in its buffer, it builds a stimulation packet, clears that command from the buffer, and transmits the command to the front-end unit. If there is no stimulation command in the buffer, the back-end builds a pass command packet and transmits it to the front-end, which translates into "do nothing". After the transmission of these packets, the back-end switches back to receiving mode.
Figs. 4 and 5 show the functional flow chart for the front-and back-end units, respectively. 
D. Graphical User Interface
A graphical user interface was developed in Lab-VIEW (National Instruments). The user can monitor the three recorded signals, and store signals for off-line analysis. The user may also enter the stimulation parameters, including pulse-width, off-time, and number of stimulation repetitions. The pulse width can vary from 2.5 ms to 33.5525 s, with incremental steps of 512 μs, and pulses can be repeated up to 65535 times. The user also has the option to choose the repetition to occur continuously for an infinite number of times.
III. RESULTS
The front-end module was fabricated on a twolayer printed circuit board. The final product measures 44 mm × 13 mm × 5 mm and is shown in Fig. 6 . The front-end can be activated through a magnetic switch, and it connects to the electrode through a 32-pin connector. Only three of the pins are connected in the front-end unit. 
A. Recording and Stimulation Functions Were Validated on Benchtop Experiments 1) Recording:
We created various sine waves at different amplitudes (ranging from 100 μV to 1 mV) and frequencies (10 mHz to 10 Hz) and streamed the signals to different channels directly, and in a saline solution. The frequency response of the system is shown in Fig. 7 , and is consistent with [13] . Furthermore, signals with different waveforms were generated and streamed into the front-end unit to identify any possible cross-talking between the channels. Fig. 8 shows a snapshot of the GUI during one of these experiments, where no cross-talking was observed.
2) Stimulation: We successfully simulated this circuit in LTSpice software (by Linear Technology). It takes 2 ms for the output to reach 10 mA, which can be ignored because the stimulation pulse widths are often greater than 100 ms in high energy stimulation. In one set of experiments, stimulation pulses were applied to different resistors ranging from 100 to 3 k . The front-end unit was able to deliver current pulses at 10 mA to the resistors up to 880 .
In another set of experiments, we placed the source and sink leads of the simulator at different distances from each other within saline solution. The distance between the source and sink was measured at one inch, and then increased in one inch steps to 4 inches. An oscilloscope was connected to the stimulator leads and the voltage change was measured. The front-end successfully injected current into the saline solution at different distances. However, the measured pulses were curved due to the capacitive property of the impedance that is typical in stimulation of the excitable tissue [21] . An example of the measurements for this experiment is available in our previous publication [22] .
B. Power Consumption of the Front-End Unit in Different Modes
The power consumption of the front-end was characterized in data transmitting and stimulation modes. The front-end module consumed 68.4 mW and 216 mW while it was in recording and stimulating modes, respectively. The power consumption during the stimulation mode was measured in the worst case scenario when the device was delivering pulses at 10 mA. The power consumption temporary rose to 216 mW during the stimulation and lasted for the period of the pulse.
Considering a Li-polymer battery that is 260 mAh, and is approximately the size of the implant (12 mm × 40 mm × 6.4 mm), the front-end can continuously acquire slow waves and transmit them wirelessly to the back-end for more than fourteen hours. During the stimulation mode (without any recording), considering the stimulation pulses with 500 ms pulse width that are applied every 20 seconds (translating to 3 cpm), the front-end can continuously operate for more than 170 hours.
C. Recording and Simulation Validation in Animal Experiments
In-vivo validation studies were performed in an established weaner pig model of gastric dysrhythmia [23] , under approval from the University of Auckland Animal Ethics Committee. Full details of our animal preparation are provided elsewhere [24] ; in brief, fasted animals (n=5) were subject to general anesthesia with Zoletil and isoflurane, followed by midline laparotomy under continuous physiological monitoring.
Stimulation electrodes were implanted at the greater curvature of the proximal gastric corpus and connected to the stimulator (either conventional or the developed system). To validate the GES capability of the novel system, the stimulator electrode was connected to the front-end unit of the developed system, and slow wave responses were acquired using validated flexible printed arrays [25] , placed as a highdensity grid (256 electrodes in a 16 × 16 array, with 0.3 mm gold contacts at 4 mm spacing (FlexiMap, New Zealand). Three of these electrodes were connected to the acquisition channels of the novel device; the remainder were connected to an ActiveTwo acquisition system (BioSemi, The Netherlands). To validate the signal acquisition capability of the developed system, the stimulation electrodes were connected to a conventional electrical stimulation device (DS8000, World Precision Instruments, Saratosa, FL). Data analysis was performed off line, in MATLAB (Mathworks, Natick, MA), and using the Gastric Electrical Mapping Suite (GEMS v1.6, FlexiMap, New Zealand) [26] , including slow wave event detection, cycle clustering, activation mapping, and calculations of frequency, velocity and amplitude.
1) Recording:
Recording of gastric slow waves was conducted successfully on two (out of 5) animals. The remaining three animals were not studied because we had already demonstrated recordings from the stomach in our previous publications [12] , [13] . One minute of recording gastric electrical activity is shown in Fig. 9 . In this experiment the three channels were located circumferentially on the greater curvature, and the distance between the electrodes was 4 mm. Three distinguished peaks can be detected on all three channels, which translate into three cycles per minute. The magnitude of the greatest peak (calculated from zero) was 0.8 mV, 1 mV, and 1 mV in channels 1, 2, and 3, respectively. The signal to noise ratio (SNR) for channels 1-3 was calculated as 8.1 dB, 4.3 dB, and 9.1 dB, respectively. Although the magnitude of the peaks in channel 1 were smaller than channel 2, the signal to noise ratio was better in channel 1. The gain of the amplifiers for all the channels was set at 66 dB in this experiment. The artifact at the end of the signal is due to delivering electrical stimulation to the stomach that saturated the recorded signal. The duration of the saturation varied in different experiments depending on the stimulation parameters; however, the complete saturation and complete stabilization of the signal typically took less than 60s, and 90s, respectively.
2) Stimulation: Experiments were conducted in vivo with various electrical stimulation parameters (different amplitudes, pulse widths, and intervals). During these experiments electrical stimulation was applied with the developed wireless module, and signals were recorded using the ActiveTwo acquisition system (Biosemi, the Netherlands). In one experiment discussed for demonstration purposes, the stimulation parameters were 8 mA with 10 s intervals. In this experiment the pulse One minute of slow waves recorded with the wireless device. (a)-(c) corresponds to channels 1-3. Three peaks (shown with red arrows) can be distinguished in this segment that matches with the regular frequency of the stomach (3cpm). Electrical stimulation was delivered to the stomach that caused the artifacts (green arrow) at the end of the one minute signal. width (PW) increased from 500 ms to 900 ms and back to 500 ms with following steps. First slow waves were recorded for 2 minutes, while the stimulator was off. Then stimulation was applied for 2 minutes with the 500ms PW. After 190 s of baseline recording the stimulation was delivered for 2 minutes. Stimulation was turned off for 280 seconds, and then it was applied with the 500 ms PW for another two minutes. Finally, the stimulator was turned off and slow waves were recorded during this recovery period. Table I shows how the frequency of the slow waves varied during this experiment. In another demonstration experiment, we used the front-end module to deliver electrical stimulations with intervals that are close to the natural frequency of the stomach. In this experiment the amplitude and the pulse width were fixed, and set at 5 mA and 500 ms, respectively. The interval of the stimulation was increased from 16 s to 22 s. Each stimulation interval was recorded for approximately two minutes. The frequency of the slow waves at baseline was 2.3 cpm. Fig. 10 shows the entrainment of the slow waves according to the stimulation intervals of 17 s and 22 s. Stimulation artifacts (green arrows) are followed by slow wave events (red arrows).
These studies demonstrated that slow waves can be successfully modulated by applying high-energy stimulation pulses using the developed system. The propagation of slow waves prior to and during high-energy pacing is shown in Fig. 11 . In this experiment the baseline frequency of the slow waves was 1.8 cpm, showing bradygastria. With application of highenergy pulses at an interval of 20 s, the system was able to revert slow waves to a normal interval of 20 s, with consistent antegrade propagation.
IV. DISCUSSION
A novel miniature wireless electrical pacing system that can record gastric slow waves from three channels, and deliver high-energy electrical pulses to the stomach has been developed and validated in bench-top and in-vivo experiments. The in vivo pilot studies are conducted to validate the functionality of the system, and not to prove any hypothesis.
The number of recording channels is limited by the size of the front-end and its power consumption. The maximum number of channels that can satisfy the size constraint in our design is three channels. On the other hand, if the three channels are placed on the stomach in triangular arrangement, one can deduce direction and velocity of the slow wave propagation in addition to the basic frequency.
Compared to [12] and [13] , we have increased the resolution of the ADC from 8 to 12 bits, and have considered variable gain on the first stage of the analog conditioning circuitry. This modification was inevitable because the amplitude of the slow waves can reach 4 or 5 mV. To eliminate saturation in the analog conditioning circuitry, the gain was decreased, whilst the higher resolution of the ADC guarantees preserved signal quality.
Our preliminary studies showed that the stimulation artifacts can saturate the amplifiers which typically last less than 90 seconds. The multiplexer switch, which determines the recording or stimulation pathways, disconnects the analog conditioning circuity from the recording electrodes while stimulation pulses are delivered to prevent the saturation of the amplifiers, and protect the circuitry from electrical shocks. However, due to the large time constant of the analog conditioning circuity (approximately 15 seconds to observe the signal and 75 seconds for a stabilized signal), disconnection of the circuitry results into a delay to acquire stable slow waves.
The front-end unit can generate monophasic electrical pulses with the amplitude of up to 10 mA. The value of the amplitude is determined by R 3 and R 4 (see Fig. 3 ), and once set, cannot be modified. We will utilize digital potentiometers in the future designs, to be able to modify the amplitude through the GUI. The pulse width of the system can vary from 2.5 ms to 33.5525 s with incremental steps of 512 μ s. The limiting factor to generate narrower pulses with microsecond pulse width is the time that it takes to charge the DC-DC converter. It takes 2 ms for the DC-DC converter to change the voltage level. One possible solution is to turn on the DC-DC converter while initializing the front-end, and keep it on for the rest of the time. However, this may increase the power consumption of the system, while the system is not delivering electrical stimulations. The stimulation parameters can be modified wirelessly based on the recorded signal, which is of critical importance once the system is used in clinical setting.
Monophasic pulses were used to demonstrate the modulation of the gastric slow waves, but these have been shown to potentially cause erosion of the stimulation electrodes in the long term; hence, formation of toxic products inside the tissue [21] , [27] . Monophasic pulses can also result into muscle fatigue if applied for an extended period [21] , [27] . Further improvements to the system will include the ability to deliver biphasic pulses.
The front-end is designed in rectangular shape with a width of 13 mm for possible endoscopic implantation in the future. We have already demonstrated such procedures in [28] . In the future, we will add wireless power transfer capability to the system, and encapsulate the front-end module with a biocompatible material for long-term studies. Furthermore, to improve the system for better clinical practice, we will consider running the GUI on a miniature handheld device in lieu of the computer in the back-end. The integration of the recording and stimulation modules takes us one step closer to realization of a fully-functional closed-loop system for treating gastric disorders. To that end, criteria to automatically detect abnormal slow wave activity and optimize stimulation parameters need to be further explored.
V. CONCLUSION
A novel miniature system that can wirelessly record gastric electrical activity from three channels and deliver high-energy electrical pulses to the stomach was developed and validated on bench-top and animal experiments. It was demonstrated that the system can successfully modulate gastric slow waves. To our knowledge this is the first time a high-energy stimulator that can be controlled wirelessly has been developed and integrated into a gastric bioelectrical activity monitoring system. He has authored over 50 peer-reviewed journal and conference papers/abstracts. His research experience and interests cover a broad range, from medical cyber-physical systems (implantable, wearable, and assistive technology) to modeling biological systems. He serves as a member for MTT-10, Biological Effect and Medical Applications of RF and Microwave Committee. He has served as a Technical Committee Member for several international IEEE conferences.
